Fruits stored at low temperature can exhibit different types of chilling injury. In apple, one of the most serious physiological disorders is superficial scald, which is characterized by discoloration and brown necrotic patches on the fruit exocarp. Although this phenomenon is widely ascribed to the oxidation of a-farnesene, its physiology is not yet fully understood. To elucidate the mechanism of superficial scald development and possible means of prevention, we performed an integrated metabolite screen, including an analysis of volatiles, phenols and lipids, together with a large-scale transcriptome study. We also determined that prevention of superficial scald, through the use of an ethylene action inhibitor, is associated with the triggering of cold acclimation-related processes. Specifically, the inhibition of ethylene perception stimulated the production of antioxidant compounds to scavenge reactive oxygen species, the synthesis of fatty acids to stabilize plastid and vacuole membranes against cold temperature, and the accumulation of the sorbitol, which can act as a cryoprotectant. The pattern of sorbitol accumulation was consistent with the expression profile of a sorbitol 6-phosphate dehydrogenase, MdS6PDH, the overexpression of which in transgenic Arabidopsis thaliana plants confirmed its involvement in the cold acclimation and freezing tolerance.
INTRODUCTION
Fleshy fruits, after harvest, are often stored in order to guarantee long-term availability and marketability. Post-harvest quality and shelf life can be extended by storage in lowtemperature conditions, which slows down general fruit cell metabolism (McGlasson et al., 1979; Sevillano et al., 2009) . However, cold storage can also promote the occurrence of several physiological disorders, such as superficial scald in apple, which manifests as necrosis in the epidermis and hypodermal cortical tissues (Watkins et al., 1995; Tsantili et al., 2007; Lurie and Watkins, 2012) . This post-harvest disorder arises as a chilling injury following cold storage (Whitaker and Saftner, 2000; Tsantili et al., 2007; Rudell et al., 2009; Pesis et al., 2009) , and is associated with structural disorganization of mitochondria and chloroplasts (Kratsch and Wise, 2000; Sevillano et al., 2009 ).
The accumulation of the acylic sesquiterpene, a-farnesene, and its subsequent oxidation into conjugate trienols (CTols), leading to the production of the ketone 6-methyl-5-hepten-2-one (MHO; Rowan et al., 1995) , is widely considered to be a principal cause of superficial scald (Huelin and Murray, 1966; Anet, 1969; Lurie et al., 2005; Lurie and Watkins, 2012) . The concentration of a-farnesene increases throughout ripening in parallel with ethylene, and it accumulates mainly in the epicuticular wax layer, while the dark coloration that is diagnostic of superficial scald mainly occurs in the hypodermal and epidermal cells (Bain, 1956; Bain and Mercer, 1963; Barden and Bramlage, 1994) . The metabolism of phenolic compounds has been proposed as an alternative cause of superficial scald and, while the antioxidant properties of phenols can help prevent scald development, their ethylene-regulated oxidation, catalyzed by polyphenol oxidase (PPO), can result in brown coloration (Busatto et al., 2014) . The tissue discoloration is most probably caused by the interaction between PPO, which accumulates in the chloroplast, and chlorogenic acid, which is stored in the vacuole, following a loss of membrane integrity.
Maintaining the internal structural organization of a cell during exposure to low temperature is essential for protection against abiotic stresses (Wolfe, 1978; Saruyama and Tanida, 1995; Wongsheree et al., 2009) . Below critical temperatures, an increase in membrane microviscosity generally occurs, with a consequent loss of membrane semi-permeability and cellular compartmentation (Marangoni et al., 1996; Badea and Basu, 2009 ). This results in the leakage of water, ions and metabolites (Browse and Xin, 2001 ). However, membrane integrity can be sustained by the accumulation of carbohydrates that provide cryoprotection, as part of a mechanism of cold acclimation. As an example, oligosaccharides, such as sucrose and raffinose, or polyalcohols, including sorbitol and mannitol, promote the osmotic stabilization of several cellular structures (Williams and Raese, 1974; Moing et al., 1997; Travert et al., 1997; Li et al., 2012) .
In this study, we used a multidisciplinary approach, integrating secondary metabolite and transcriptome data, to elucidate the action of the ethylene inhibitor 1-methylcyclopropene (1-MCP) in preventing the cold-induced development of superficial scald in apple.
RESULTS

Development of superficial scald in apple and the synthesis of volatile organic compounds (VOCs)
Based on a visual inspection, fruit from the control batch assessed after 2 months of cold and 1 week of shelf-life storage showed the more severe scald symptoms compared with those treated with 1-MCP ( Figure S1 ). Although levels of the VOCs a-farnesene and MHO steadily increased from the time of harvest to the post-storage stage (Figure 1 ), differences in their patterns of accumulation were observed. Levels of a-farnesene were the highest in control fruit after 2 months of cold storage, while the concentration of MHO was higher after 7 days of storage.
Interference with ethylene perception during cold treatment results in transcriptional reprogramming
RNASeq analysis was performed to compare the transcriptomes of apple fruit exhibiting symptoms of superficial scald and those in which the disorder was prevented by the exogenous application of 1-MCP. Details of the sequencing data and read mapping information are shown in Table S1 . From a total of 80 965 identified genes, 6 750 were selected as being differentially expressed genes (DEGs), based on a P-value ≤ 0.05 and a false discovery rate (FDR) ≤ 0.1 (Table S2) . Within this gene set, 5 898 genes could be mapped to the reference apple genome sequence, while 852 were newly characterized. The sequence annotation of these genes, carried out using Blast2GO (Conesa and G€ otz, 2008) , resulted in the functional annotation of 86% of the selected genes, while the putative function of the remaining 14% was not assigned. Principal component analysis (PCA) revealed three main groups of genes, shown in Figure 2 in the different quadrants of a 2D-PCA plot. The first is represented by H only, while the other two were distinguishable based on inhibition of ethylene.
The gene expression dynamics across the samples, further validated by reverse transcription-quantitative polymerase chain reaction (RT-qPCR; Figure S2 ), are shown in Figure 3 (a) in the form of a hierarchical heatmap. We noted two clusters, composed of genes whose expression was either repressed (Figure 3 by a similar number of DEGs, with 339 genes in the first cluster (genes upregulated by ethylene; Figure 3 (b) and Table S3 ) and 357 genes in the second cluster (induced by 1-MCP; Figure 3 (c) and Table S4 ). The DEGs in the first cluster included nine genes related to ethylene biosynthesis (ACO, EIN3, ERF and SAM). In agreement with known downstream ethylene signaling targets, the cluster also included five cell wall-related genes: an expansin gene (MDP0000573617) and four members of the pectinesterase gene family. The cluster of DEGs that were expressed at higher levels in the control sample also included several encoding BAHD acyltransferases, which catalyze the acylation of several secondary metabolites in plants ( Grienenberger et al., 2009) . However, the most highly represented category of genes induced in the control samples after cold storage was the major allergen-related gene family, with 19 (10 Mal_d_1 and 9 Pru_av_1) genes (Table S3) . Two other categories of DEGs worth noting were COBRA-like and fatty acid desaturase (FAD) genes, involved in the synthesis of cellulose and desaturation of the fatty acids, respectively. Finally, two PPO genes (MDP0000500159 and MDP0000699845) were identified as being more highly expressed in the control samples. Although the number of DEGs induced by the application of 1-MCP was similar with regards to the control cluster, we noted qualitative differences in the classes of DEGs. The first major difference was the absence of ethylene-related genes in the cluster of samples treated with 1-MCP, other than an AP2/EREBP gene. However, four genes involved in the auxin signaling pathway were identified (MDP0000125683, MDP0000223367, MDP0000300444 and MDP0000301092). As expected, the MCP treatment had an effect on the expression of cell wall-modifying genes, and the genes that were expressed at higher levels in samples treated with the ethylene inhibitor included two xyloglucan endotransglucosylase-hydrolase (XTH) genes (MDP0000310152 and MDP0000213179), as well as three aquaporin (MDP0000146334, CUFF.45380 and CUFF.7330) genes. The simultaneous induction of 15 chlorophyll a-b binding protein genes, nine photosynthesis reaction center subunit genes and two oxygen-evolving enhancer (OEE) element genes (MDP0000248920 and MDP0000361338) were suggestive of higher efficiency of the chloroplast in the 1-MCP-treated samples. The 1-MCP treatment also induced the expression of a set of genes important for the cold acclimation process. The first two groups of genes were represented by COR (cold-regulated; CUFF.45715, MDP0000301407 and MDP0000334945) and zinc-finger transcription factors (Table S4) . In addition to genes involved in the regulatory mechanism of cold tolerance, genes more directly devoted to responsive pathways were also identified. These included genes involved in plastid structural stabilization and photosynthetic efficiency, such as genes encoding glycerol-chloroplast-3-phosphate acyltransferase, plastidlipid-associated protein (PAP) and glucose-6-phosphate dehydrogenase, as well as epicuticular wax biosynthesis (long fatty acid ligase). Notably, the most highly expressed gene in this cluster was a sorbitol 6-phosphate dehydrogenase, MdS6PDH. While the expression level of MdS6PDH in the control samples (T2_ctrl and T2 + 7_ctrl) was comparable to expression in the harvest (H) sample, MdS6PDH transcript levels were 42-and 29-fold greater in the T2_1-MCP and T2+7_1-MCP samples, respectively (Figure 4(a) ). We determined that the expression profile of MdS6PDH correlated (r 2 = 75%) with the accumulation of sorbitol in the fruit skin (Figure 4(b) ), supporting its involvement in the sorbitol biosynthetic pathway (Figure 4(c) ). Although sorbitol levels increased from harvest to post-harvest, the exogenous application of 1-MCP promoted its accumulation by 1.5-and 1.8-fold compared with the control counterparts.
The onset of superficial scald is accompanied by an increased production of phenolic compounds
In order to investigate the role of phenols during the development of superficial scald in apple, 14 phenolic compounds were identified and quantified among the apple samples (Table S5) S3(a)). In particular, the distribution of the samples along PC1 was consistent with the development of superficial scald. While the H sample was characterized by negative PC1 values, T2+7_ctrl was plotted in the PC1 positive quadrant. Treated samples (T2_1-MCP and T2+7_1-MCP), together with T2_ctrl, were instead oriented more towards the center of the plot, close to 0 ( Figure 5(a) ). In addition, the PC2 distinguished 1-MCP-treated samples from control samples. We noted that the distribution of the samples according to the PC1 was mostly determined by the projection of cluster 2, which contained phenols, while the PC2 was more related to the orientation of the other two clusters, 1 and 3 ( Figure 5(b) ). The H and T2_ctrl samples were further characterized by a dominant accumulation of three specific phenolic compounds (cluster 1): vanillin, transpiceid and catechin. The T2+7_ctrl sample, showing the highest severity of scald symptoms, was distinguished by the accumulation of the greatest number of different polyphenolic compounds (cluster 2), including chlorogenic acid and isomers, cis-piceid, epicatechin, procyanidin (B1 and B2+B4) and quercetin-3-Rha. In contrast, T2+7_1-MCP was more closely positioned at the intersection of the two PCs, and had much lower levels of phenols. The general trend of lower concentrations of phenolic compounds following the application of 1-MCP is summarized in the pathway representation in Figure 5 (c). T2_1-MCP sample was oriented towards the direction of three other flavonoids (cluster 3; phlorizin, rutin and quercetin-3-glc). Among the various compounds in cluster 2, the accumulation pattern of chlorogenic acid, which showed the most significant increase in the T2+7_ctrl sample, was particularly notable ( Figure S4 ). With the onset of superficial scald, this compound showed a 21-fold increase compared with the H sample and a 25-fold increase compared with the T2+7_1-MCP sample. The accumulation pattern of the phenols among the various samples was also integrated into a correlation network with the expression profiles of the genes listed in the two clusters identified from the RNASeq data. The network computed with the genes upregulated in the control samples (i.e. induced by the presence of ethylene) had 1 282 interactions, of which 65% (835 interactions) were positive and 35% (447) showed negative correlations ( Figure S5 (a); Table S6 ). Interactions of particular noted included genes such as a flavonoid 3 0 monoxygenase (MDP0000209633), a phenylalanine ammonia lyase (MDP0000139075) and a flavonol synthase (MDP0000593536), which were induced along with an increase in levels of chlorogenic acid and its isomers (neochlorogenic acid and cryptochlorogenic acid). In contrast, the expression of these genes was Table S7 ).
Cold storage and exogenous application of 1-MCP induce lipid modification
To assess the possible role of lipids in the prevention of superficial scald in apple, the peel tissues collected from the samples were subjected to a lipid characterization (Table S8 ). In total, the levels of 21 lipids were assessed, belonging to six main categories: glycerophospholipids, glycerolipids, prenols, sterols, saturated and unsaturated fatty acids. The samples were differentially distributed over a 2D-PCA plot (Figures 6(a) and S3(b)). The first two PCs enabled a clear distinction between the H and T2+7_1-MCP samples, while the other three samples (T2_ctrl, T2+7_ctrl and T2_1-MCP), although distinct from the former two, were more closely clustered. From a projection of the variables ( Figure 6 (b)), the effect of PC1 clearly supported an increased accumulation of lipids during cold storage. In contrast, the distribution of the samples after storage was more explained by PC2, with the sample showing no scald symptoms (T2+7_1-MCP) plotted oppositely to the other samples. This sample is characterized by high levels of palmitic acid, oleic+cis-vaccenic acid, arachidic acid, heptadecanoic acid, linoleic acid, behenic acid and desmosterol. The oleic acid+cis-vaccenic acid levels were the highest in T2+7_1-MCP ( Figure S6 ). The other samples, with increased content of 1,2-dilinoleoyl-sn-glycero-3-phosphocholine, 1,2-dioleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-sn-glycero-3-phosphocholine, 1-oleoyl-rac-glycerol, oleanolic acid, beta-sitosterol, erucic acid, lignoceric acid, linoleic acid, linolenic acid and stearic acid, following cold storage did not show specific differences in their patterns of accumulation between samples. The increased expression of genes involved in lipid biosynthesis following the application of 1-MCP is also depicted in Figure 6 (c).
As with the phenol analysis, a correlation analysis network involving lipids and associated genes was made by integrating the amount of each lipid compound with the expression of the genes in the two clusters. The network computed with the expression of the genes with increased expression in the control samples was represented by 2 079 total interactions, divided into 1 039 positive and 1 040 negative correlations ( Figure S7 (a); Table S9 ). In particular, in the lipid interactome highlighted in the control samples, the positive correlations consisted of 15 lipids, while negative correlations were found for six compounds.
The application of 1-MCP resulted in a qualitative rearrangement of the lipid array rather than a quantitative modification. The lipid interactome associated with the 1-MCP treatment was defined by 1 947 interactions, and separated into 1 108 positive correlations (57%) and 839 negative correlations (43%; Figure S7 (b); Table S10 ). The application of the ethylene inhibitor maintained a similar proportion between the positive and negative interactomes, with 13 positive and eight negative correlations. Particularly notable interactions were observed between a long chain fatty acid CoA ligase gene (MDP0000465035), an alcohol-forming fatty acid gene (MDP0000271686) and a glycerol-3-phosphatase gene (MDP0000182098) with The physiology of superficial scald in apple 275 behenic acid, arachidic acid, linoleic acid and 1,2-dioleoylsn-glycero-3-phosphocholine.
Functional validation of MdS6PDH in promoting the resistance to cold temperatures by heterologous expression in Arabidopsis thaliana
To validate the apparent role of MdS6PDH in enhancing cold stress resistance, we overexpressed it in A. thaliana under the control of the constitutive 35S promoter (35S::MdS6PDH). The MdS6PDH-overexpressing transgenic plants were exposed to cold temperatures (0 AE 0.5°C) for 48 h, after which time the transgenic lines displayed a normal and vigorous phenotype, with no sign of tissue breakdown (Figure 7(a) ). In contrast, wild-type (WT) plants displayed noticeable symptoms of freezing injuries, such as bent stems and wilted, curled leaves covered by water-soaked lesions. We measured levels of sorbitol within the plant tissues using a high-pressure liquid chromatography (HPLC)-hydrophilic interaction liquid chromatography (HILIC). Sorbitol was not detected in the WT plants or in the control line transformed with an empty vector; however, in 35S::MdS6PDH-expressing plants relatively high amounts of sorbitol, ranging from 50 100 to 177 771 peak areas (AU, arbitrary unit), were measured ( Figure 7(b) ). The differential accumulation of sorbitol in the 35S::MdS6PDH and WT plants was consistent with the expression profile of the transgene (Figure 7(b) ).
DISCUSSION
Phenolic antioxidant compounds are specifically synthesized with superficial scald injuries
The combination of cold storage and the development of superficial scald resulted in a change in the composition of phenolic compounds in the apple fruit skins. The skin of the control samples was characterized by the highest accumulation of phenols with antioxidant activity (such as chlorogenic acid, epicatechin, procyanidin and quercetin). These compounds have been proposed to provide a protective system activated by the fruit to prevent the accumulation of reactive oxygen species (ROS; Rao et al., 1998; Pesis et al., 2012; Zermiani et al., 2015) . Phenolic compounds are thought to be produced to scavenge the free radicals released by the oxidation of lipids in cell membranes during cold stress (Di Meo et al., 2013) . To this end, we note that apoplastic ROS homeostasis can be disrupted by the disruptive effect that ethylene has on the ROP-GAP rheostat mechanism (Zermiani et al., 2015) . Among the phenolic compounds accumulating during scald development, the most abundant is chlorogenic acid. As a consequence of the loss of membrane integrity, chlorogenic acid, which is stored in the vacuole, reacts with PPO enzyme originating in the chloroplast, leading to the discoloration that is typical of superficial scald (Golding et al., 2001; Busatto et al., 2014) .
1-MCP prevents scald by affecting the lipid composition
Fruit can acquire cold tolerance through a complex mechanism known as cold acclimation. The major event contributing to this phenomenon is the stabilization of membranes against chilling injuries. In addition to an increased production of antioxidant compounds, this can be achieved by a fundamental change in the membrane lipid composition (Thomashow, 1999) in favor of unsaturated fatty acids (Badea and Basu, 2009 ). In this current study, a broad spectrum of lipids, with the exception of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine and palmitoleic acid, accumulated in the samples stored at low temperature, as shown in the PC1-dominated sample in the PCA analysis. In this area of the plot, however, PC2 further distinguished T2+7_1-MCP, which highlights the effect of 1-MCP in preventing scald development, given the highest proportion of saturated and unsaturated fatty acids in the treated sample. In particular, we noted the accumulation pattern of cis-vaccenic acid together with oleic acid (Figure S6) , two unsaturated fatty acids with the same molecular mass (isomers). Both accumulated in cold-stored fruit, but in T2+7_1-MCP their concentration was twice as high, suggesting an induction by the 1-MCP treatment and an increase during storage. The fact that cis-vaccenic acid is unsaturated means that it has greater molecular flexibility than a saturated fatty acid with the same chain length (De Palma et al., 2008) . The role of cis-vaccenic acid has been shown in several plant species. For example, overexpression of cis-vaccenic acid in transgenic tomato (Solanum lycopersicum) lines resulted in an improved tolerance to freezing temperatures (De Palma et al., 2008; Badea and Basu, 2009 ). Moreover, the apple samples treated with exogenous application of 1-MCP showed a higher concentration of desmosterol, a sterol that confers adaptation to freezing stress in A. thaliana (Mishra et al., 2015) . The other apple samples in this current study (the two controls and T2_1-MCP) were more oriented towards the projection of other classes of lipids in the PCA plot. This was particularly the case with glycerolipids and glycerophospholipids, which are essential constituents of chloroplast and plasma membranes, and therefore play an important role in temperature adaptation (Zheng et al., 2016) .
Transcriptome signature of the superficial scald etiology
In this study, we observed changes in the apple skin transcriptome associated with either cold storage or with 1-MCP treatment (Figure 2 ). In addition to the expected downregulation of genes following application of 1-MCP treatment, we also observed the de-repression of genes. The main differences observed comparing the two clusters (Tables S3 and S4 ) was predominance of ethylene-related genes in the cluster of DEGs with higher expression in the control samples. In contrast, in the cluster of genes stimulated by 1-MCP, only one ethylene-related gene was identified, an AP2-like gene (MDP0000166059). Although genes of this family are known to participate in the downstream ethylene regulatory cascade, specific members (such as AtSHN1; Aharoni et al., 2004) act as regulators of fatty acid biosynthesis involved in formation of the cuticle polymer, cutin. Another difference attributed to the effect of 1-MCP was observed for several cell wall-modifying proteins. While 4 pectinesterase genes and an expansin gene were induced by ethylene, XTH genes were stimulated by 1-MCP. Similarly, genes encoding aquaporins, potentially involved in the prevention of membrane decay due to chilling injuries, and the consequent release of H 2 O 2 (Aroca et al., 2005) , were induced by the 1-MCP treatment. Three aquaporins genes (MDP0000146334, CUFF.7330, CUFF.45380) that were upregulated by 1-MCP were annotated as plasma membranes intrinsic proteins, which in banana (Musa spp.) enhance recovery from dehydration caused by freezing temperatures (Sreedharan et al., 2013) .
The cluster of DEGs induced by ethylene was also characterized by genes putatively involved in protection mechanisms against cold stress. The first category was represented by BAHD acyltransferase genes, which guide the acylation of many secondary metabolites in plants (Grienenberger et al., 2009; Bartley et al., 2013) . Among the set identified here, one in particular, MDP0000835211, is predicted to encode a protein with relatively high sequence similarity to DCR, which in A. thaliana plays a key role in incorporating 9(10),16-dihydroxy-hexadecanoic acid into polymeric cutin (Panikashvili et al., 2009 ). This gene also shows high amino acid similarity (48%, 3e À62 ) with Solyc03g025320, a tomato BAHD ortholog of A. thaliana DCR (Lashbrooke et al., 2016) , which incorporates cutin monomers into cutin.
During the cold storage of control apples, a high proportion of Mal_d_1 and Pru_av_1 (19 genes) was more highly expressed than in the control fruit. These genes encode pathogenesis-related proteins, which are induced during several biotic and abiotic processes, including cold stress (Schmitz-Eiberger and Matthes, 2011). In addition, two COBRA-like genes were expressed at higher levels in the control samples, which might reflect the induction of processes in the fruit that limit chilling injuries. COBRA is a glycosylphosphatidylinositol-anchored protein involved in the biosynthesis of cellulose, a major polysaccharide in both primary and secondary cell walls (Li et al., 2003; Cao et al., 2012) . Transgenic A. thaliana lines overexpressing the COBRA-encoding cob-6 gene showed an improved tolerance to cold stress (Sorek et al., 2015) . These lines also showed a reduced level of pectin esterification, which might contribute to the induction of cold stress resistance. In this current study, we identified pectinesterase genes that were expressed only in the control samples. This observation is consistent with the work of Gapper et al. (2017) who reported pectin methylesterase activity during scald symptom development compared with 1-MCP-treated fruit. In general, another mechanism that is employed in the fruit to repair damages induced by cold stress is the activation of FAD expression. FAD proteins catalyze the insertion of double bonds into the hydrocarbon chain of fatty acids, thereby increasing the membrane fluidity (Zhang et al., 2012; Dong et al., 2016) .
Interference with ethylene perception induces a cold acclimation mechanism, thereby preventing scald development We identified two categories of genes that were upregulated by the application of 1-MCP. The first subgroup is involved in controlling regulatory processes related to cold tolerance, while the second is more associated with inducing cold acclimation. The idea that more energy is needed to activate new physiological activities in these samples is supported by the observed increased expression of chlorophyll-A-B-binding and OEE genes (Tadiello et al., 2016; Gapper et al., 2017) . Moreover, it has been reported that rice (Oryza sativa) and maize (Zea mays) lines that are more tolerant of low temperature have higher levels of chlorophyll (Sanghera et al., 2011) . The chloroplast is also targeted by the action of COR genes, which encode proteins responsible for stabilizing membranes, such as apoplastic anti-freezing proteins and late embryogenesis abundant proteins (Chinnusamy et al., 2006; Caffagni et al., 2014) . Such genes are involved in freezing tolerance mechanisms. In addition to these regulators, other genes putatively involved in the maintenance of plastid structure and function were also induced by 1-MCP, including two chloroplastic glycerol-3-phosphate acyltransferases genes (MDP0000156411 and CUFF.45023), which increase the unsaturation level of fatty acids in the plastid membranes (Sevillano et al., 2009; Sanghera et al., 2011) . Increased photosynthetic efficiency might also result from the expression of a PAP gene (MDP0000294477), a homolog of which in A. thaliana is known to regulate the number and size of plastoglobulins during chilling (Langenk€ amper et al., 2001; Piller et al., 2012) , thereby enhancing the structural stabilization of the thylakoid membranes. In addition, the functionality of the plastids might be increased by the glucose-6-phosphate dehydrogenase (G6PDH) gene, CUFF.27096. Under cold stress conditions, NADPH, which is necessary for carbon fixation and fatty acid synthesis, is provided by G6PDH, and tobacco lines overexpressing G6PDH were reported to show increased tolerance to cold temperature (Lin et al., 2013; Yang et al., 2014) .
The tolerance to chilling injuries may also be accompanied by the synthesis of epicuticular waxes, coordinated by the expression of a long fatty acid ligase gene (MDP0000465035). The 16-18 C fatty acid chains synthesized in the plastid by fatty acid synthase are exported from the stroma to the endoplasmic reticulum for chain elongation (De Bigault Du Granrut and Cacas, 2016) . Tadiello et al. (2016) reported that the exogenous application of 1-MCP also stimulates the expression of zinc-finger transcription factors. Interestingly, this class of regulators is also involved in abiotic stress responses, and more specifically in cold acclimation (Lee et al., 2002; Sakamoto et al., 2004; Chinnusamy et al., 2006; Kiełbowicz-Matuk, 2012; Caffagni et al., 2014) . Over-expression of zinc-finger genes in tomato results in induced cold tolerance (Zhang et al., 2011) , while in A. thalianas and rice these transcription factors trigger the expression of COR genes, improving tolerance to freezing temperatures (Mukhopadhyay et al., 2004; Ito et al., 2006; Cheng et al., 2007; Nakashima et al., 2007) .
An increased accumulation of sorbitol causes cold tolerance in transgenic A. thaliana lines
The cold acclimation process is driven by three fundamental mechanisms: (i) changes in lipid composition; (ii) production of antioxidant compounds; and (iii) accumulation of simple sugars. To this end, we noted that in the cluster of genes induced by 1-MCP, the most highly expressed was a sorbitol 6-phosphate dehydrogenase (S6PDH) gene, MdS6PDH (MDP0000133306). S6PDH is responsible for producing sorbitol through the reduction of glucose-6-phosphate (Teo et al., 2006; Figure 4(c) ). Carbohydrates, especially polyalcohols such as sorbitol, can act as cryoprotectants in different cellular structures by preventing dehydration-induced damage to membranes and proteins, through an osmotic adjustment process (Moing et al., 1997; Travert et al., 1997; Li et al., 2012) . As shown in Figure 4(b) , the accumulation of sorbitol is higher in apples treated with 1-MCP compared with the scalded control apples, consistent with the expression of this gene. The lines of A. thaliana overexpressing MdS6PDH showed higher accumulation of sorbitol compared with the WT (Figure 7(b) ). When A. thaliana plants (35S::MdS6PDH and WT) were grown at cold temperatures, only the transgenic lines survived, while the WT plants underwent severe dehydration damage (Figure 7(a) ) and died. This further suggests that sorbitol is an important mechanism for inducing cold acclimation and freezing temperature resistance in fruit.
CONCLUSION
The development of superficial scald has historically been attributed to the oxidation of a-farnesene into CTols, especially MHO. However, in the last decade, this theory has been debated, and it has been suggested that MHO is a secondary product. In this work, a more complex and multifaceted model is presented (Figure 8 ). In control 'Granny Smith' fruit, chilling injury phenotypes were observed, with a hypothesized general disruption of the chloroplast and vacuole, which are both delimited by phospholipidic membranes. In the proposed model, the damage on the chloroplast can severely affect the photosynthetic machinery, with a consequent production of ROS. To limit the damage induced by free radicals, the fruit accumulates phenolic compounds with antioxidant and scavenging activity, especially chlorogenic acid, which is maintained in a feedback control by PPO. In contrast, in 1-MCP-treated fruit, PPO is repressed by a significant downregulation of the PPO gene and an upregulation of a complex machinery involved in cold acclimation and freezing tolerance. We hypothesize that increased structural stabilization of the membranes through the production of unsaturated and long chain fatty acids and sorbitol is responsible for the improved tolerance to low temperatures.
EXPERIMENTAL PROCEDURES Experimental design, plant materials and 1-MCP treatment
For this study, the apple variety 'Granny Smith' was chosen, due to its susceptibility to developing superficial scald during cold storage. Fruit ripening was non-destructively assessed by measuring I AD (index of absorbance difference) using a DA-meter (TR, Forl ı, Italy), and value based on a visible/near-infrared (vis/NIR) spectroscopic evaluation of the chlorophyll content, ranging from 2.2 to 0, where a higher number indicates a more unripe fruit. A total of 360 apples were harvested (H) at an I AD of 1.8-2.0 (ripening stage at which the scald development is enhanced) and divided into two batches: the control batch and a batch treated with the ethylene receptor blocker 1-MCP (provided by AgroFresh as SmartFresh), applied before storage (0.14%, active ingredient, final concentration of 0.7 ll/L). The treatment lasted for 24 h at 20°C, after which time the fruit were stored for 2 months at 0.5°C at 95% relative humidity. After 2 months of cold storage, fruit were assessed 8 h after returning them to room temperature conditions (T2), as well as after 7 days of storage (20°C), to increase the severity of scald symptoms (T2+7; Figure S8 ). For each apple sample, skin tissue was isolated, frozen in liquid nitrogen and stored at À80°C. For transcriptome and metabolite analyses (sorbitol, polyphenols and lipids), the same tissue was prepared in three biological replicates.
Assessment of VOCs
Measurements of VOCs in apple skin tissues were performed in three biological replicates, using a PTR-ToF-MS 8000 instrument (Ionicon Analytik GmbH, Innsbruck, Austria) according to Farneti et al. (2015) . The sampling time per channel of ToF acquisition was 0.1 ns, amounting to 3 50 000 channels for a mass spectrum ranging up to m/z = 400. The analysis of PTR-ToF-MS spectral data included a correction based on Poisson statistics (Titzmann et al., 2010) . For mass accuracy (up to 0.001 Th), internal calibration was performed according to the procedure described by Cappellin et al. (2011) , and absolute headspace VOC concentrations (pbv) were calculated according to Cappellin et al. (2012) .
Phenolic compound profiling
Extraction and analysis of phenols was performed (in three biological replicates) according to the method published by Vrhovsek et al. (2012) , using a Waters Acquity UPLC system (Milford, MA, USA) coupled to a Waters Xevo TQMS mass spectrometer (Milford, MA, USA) working in electrospray ionization (ESI) mode. The capillary voltage was 3.5 kV in the positive mode and À2.5 kV in the negative mode. Each compound was analyzed under the optimized MRM conditions (precursor and product ions, quantifiers and qualifiers, collision energies, and cone voltages) as described by Vrhovsek et al. (2012) , and data were processed using Waters MassLynx 4.1 and TargetLynx software.
Characterization of the epidermal lipid composition
Lipid compounds were determined according to Della Corte et al. (2015) with modifications. The chromatographic analysis was carried out using a ultra-high-performance liquid chromatography (UHPLC) Dionex 3000 (Thermo Fischer Scientific Germany) with a RP Ascentis Express column (15 cm 9 2.1 mm; 2.7 lm C18) following a 30-min multistep linear gradient. The UHPLC system was coupled to an API 5500 triple-quadrupole mass spectrometer (Applied Biosystems/MDS Sciex) equipped with an ESI source. Compounds, identified based on their reference standard and retention time, were quantified (expressed as lg/g) from linear calibration curves built with standard solutions using Analyst Software. The analysis was carried out using three biological replicates.
Sorbitol characterization and quantification in apple exocarp and Arabidopsis thaliana leaves
Fresh exocarp tissue was frozen in the presence of liquid nitrogen and ground into a fine powder. The chromatographic separation of carbohydrates extracted from three biological replicates of apple skin tissues was obtained using an ion chromatographic ICS 5000 system (Dionex-Thermo Scientific, Waltham, MA, USA) equipped with a DP quaternary gradient pump, an eluent generator (EG) compartment, an AS-AP auto-sampler, an ED50A electrochemical detector with a gold-working electrode and a palladium-counter electrode. The separation was performed using a CarboPac PA200 3 9 250 mm analytical column, preceded by a CarboPac PA200 3 9 50 mm guard column (Dionex-Thermo Scientific, Waltham, MA, USA). Chromeleon TM 7.2 Chromatography Data System software (Thermo Scientific TM Dionex TM ) was used for acquisition control processing.
To measure sorbitol levels in A. thaliana, leaves were homogenized in liquid nitrogen and the powder was stored at À80°C until analysis. Polar metabolites, including sorbitol, were extracted as in Antonio et al. (2007 and . Sorbitol levels were measured using a HILIC guard column (VisionHT HILIC 7.5 9 2.1 mm, 3 lm; Grace) followed by a HILIC column (Ascentis Express HILIC 150 9 2.1 mm, 2.7 lm; Supelco), in line with an ESI source and an Esquire 6 000 ion trap mass spectrometer (Bruker Daltonics). The ionization was carried out in negative mode and the gas values were set at 50 psi. The mass spectrometer operated a scan from 50 to 250 m/z, with a target mass at 200 m/z. In order to unambiguously identify the target compound sorbitol, tandem mass spectrometry in AutoMS mode (MS/MS), using helium as collision gas, was performed. The Bruker Daltonics Esquire 5.2 Control and Esquire 3.2 Data Analysis software packages (Bruker Daltonik GmbH, Bremen, Germany) were used to process the MS data. Sorbitol, measured in three biological replicates, was identified by comparing the retention time, the m/z value and the MS fragmentation pattern with a sorbitol authentic standard (Duchefa, Haarlem, The Netherlands).
RNA isolation, library preparation and sequencing RNA extraction was performed, for each of the three biological replicates, with the Spectrum Plant total RNA kit (Sigma-Aldrich, St Louis, MO, USA). RNA was quantified using a NanoDrop ND-8000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), while its purity and integrity was assessed with a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). For each replicate/sample, 3 lg of RNA was used for the construction of a non-directional Illumina RNA-seq library, using the TruSeq RNA sample preparation kit, v2 (Illumina, San Diego, CA, USA). Libraries were quantified using qPCR, and quality control was performed with the DNA 1000 series II chip bioanalyzer (Agilent, Santa Clara, CA, USA). The libraries were sequenced using an Illumina HiSeq 1000 Sequencer with the TruSeq SBS v3-HS kit (100 cycles) and the TruSeq SR Cluster v3-cBot-HS kit (Illumina, San Diego, CA, USA) generating 100-bp reads.
Individual reads were aligned to the Malus x domestica genome assembly v1.0 (https://www.rosaceae.org/species/malus/all) using TopHat2 software and processed with Cufflinks (Trapnell et al., 2012) to assemble the reads into unigenes. Malus x domestica whole-genome annotation 1.0 was used to guide RABT assembly using default parameters. Gene expression was quantified as fragments per kilobase of exon model per million mapped reads (FPKM). Differential expression analysis was performed using the Cuffdiff program from the Cufflinks suite with a FDR threshold of 0.05 and a Log2 FC ≥ 1. The RNASeq data were deposited in the Gene Expression Omnibus (GEO) database and are available through the accession number GSE98893. The expression profiles were further validated by analyzing the transcriptional pattern of 10 selected candidate genes (Table S11) as in Busatto et al. (2014) .
Plant transformation and cold stress treatment
The selected MdS6PDH (MDP0000133306) was amplified from a 'Granny Smith' cDNA using gene-specific primers (Table S12) . cDNA was obtained with the use of the 'Super-Script VILO cDNA Synthesis Kit' (Life Technologies, Carlsbad, CA, USA) from 2 lg of total RNA from each sample, as starting template, after treatment with 2 Units of Ambion rDNAse I (DNA free kit, Life Technologies, Carlsbad, CA, USA). The purified PCR products were initially cloned using commercial kit pCR â 8/GW/TOPO â TA Cloning â (Invitrogen, Carlsbad, CA, USA) and confirmed by sequencing. The pZp200 gateway-derived vector was used to stably transform A. thaliana plants, with expression of the transgene being controlled by the CMV 35S constitutive promoter. Single PCR-positive Agrobacterium tumefaciens GV3101 colonies were used to grow liquid cultures for the transformation of A. thaliana Col-0 plants using the floral dip method (Clough and Bent, 1998) . Transformed plants were screened on solid " MS medium supplemented with kanamycin (50 mg/L). Resistant plants were transferred into soil and grown in a greenhouse for several generations, to bring the T-DNA insertions to homozygosity. Plants were screened for the presence of the transgene with PCR on genomic DNA. For stress response experiments, 35-day-old A. thaliana plants (both 35S:: MdS6PDH and WT) were transferred to 0.5°C for 48 h, with a photoperiod of 16 h of light (94.5 lmol m À2 sec À1 cool white light) and 8 h of dark. After the cold stress treatment, the plants were placed at 24°C (with 70% relative humidity) for 24 h, after which time they were visually inspected to evaluate cold stress symptoms. The cold treatment was applied to three biological replicates.
Data analysis
The PCA plots were computed using R software (R Core Team, 2013) and the ChemometricsWith R package (Wehrens, 2011) . The DEGs obtained from the RNASeq analysis were normalized based on expression in the H sample, and grouped into hierarchical clusters using the software Cluster3 (de Hoon et al., 2004) with uncentered correlation as the similarity matrix and 'average linkage' as the clustering method. The heatmaps were visualized and edited using Java Treeview 3.0 (Saldanha, 2004) .
The expression profiles of the set of genes included in the two clusters were then integrated into a correlation analysis network (CAN) together with phenolic compounds and lipids, respectively. The level of correlation was calculated with the Cytoscape plugin Expression Correlation Network. The correlation values defined for each entity within the detected range were further visualized into a conceptual network using Cytoscape (Shannon et al., 2003) .
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